The mechanism of action of cinodine, a glycocinnamoylspermidine antibiotic, was investigated. Upon addition of cinodine to growing cultures of Escherichia coli, a rapid decline in viable cell numbers was observed. Culture turbidity continued to increase for a short period before plateauing. Microscopic Cinodine is a broad-spectrum antibiotic isolated from the fermentation broth of a Nocardia species (3, 10) . This antibiotic, which represents a new structural class referred to as the glycocinnamoylspermidines, consists of a trisaccharide coupled to a p-hydroxycinnamoylspermidine moiety (Fig. 1) . As a polyamine-containing antibiotic, it is related to bleomycin (20) , tallysomycin (7), and edeine (6). Three different cinodine components, /3, 7y, and y2, can be distinguished by the structure of the terminal pentose of the trisaccharide. The y2 component has an oxazolidone ring associated with the terminal sugar, whereas -y has an imidazolidone ring. The /3 form lacks the additional carbonyl group of the y components and therefore has another free amino group. The y components demonstrate an antibacterial activity that is as much as 20-fold higher than that of ,B (10; unpublished data).
The mechanism of action of cinodine, a glycocinnamoylspermidine antibiotic, was investigated. Upon addition of cinodine to growing cultures of Escherichia coli, a rapid decline in viable cell numbers was observed. Culture turbidity continued to increase for a short period before plateauing. Microscopic examination indicated that the antibiotic-treated cells continued to elongate with subsequent formation of serpentine-like structures. Radioisotopic-labeling studies of E. coli demonstrated that deoxyribonucleic acid (DNA) synthesis was immediately and irreversibly inhibited upon addition of cinodine. Ribonucleic acid synthesis was reduced after a significant delay, whereas protein synthesis remained unaffected. There was a minor degree of inhibition of incorporation of radiolabeled diaminopimelic acid into cell wall material. Cinodine likewise inhibited bacteriophage T7 DNA synthesis in infected E. coli cells. After inhibition of E. coli DNA synthesis by cinodine, intracellular DNA degradation was observed. Equilibrium dialysis studies demonstrated that the drug physically bound to DNA. These data indicate that cinodine functions as a potent irreversible inhibitor of bacterial and phage DNA synthesis.
Cinodine is a broad-spectrum antibiotic isolated from the fermentation broth of a Nocardia species (3, 10) . This antibiotic, which represents a new structural class referred to as the glycocinnamoylspermidines, consists of a trisaccharide coupled to a p-hydroxycinnamoylspermidine moiety (Fig. 1) . As a polyamine-containing antibiotic, it is related to bleomycin (20) , tallysomycin (7) , and edeine (6) . Three different cinodine components, /3, 7y, and y2, can be distinguished by the structure of the terminal pentose of the trisaccharide. The y2 component has an oxazolidone ring associated with the terminal sugar, whereas -y has an imidazolidone ring. The /3 form lacks the additional carbonyl group of the y components and therefore has another free amino group. The y components demonstrate an antibacterial activity that is as much as 20-fold higher than that of ,B (10; unpublished data).
The unique properties of the cinodine molecules raise many interesting questions regarding structure-function relationships. This report summarizes our studies of the mechanism of antibacterial action of this antibiotic. (1.5 ,uCi/ml) was added to follow DNA, ribonucleic acid (RNA), protein, or cell wall synthesis, respectively. At selected tinmes, an 0.5-ml sample of labeled cell suspension was added to 1.0 ml of cold 10%/.-trichloroacetic acid (CCI COOH). After standing for at least 30 min, the trichloroacetic acidprecipitated material was collected on GF/A glassfiber filters (Whatman, Inc., Clifton, N.J.) and washed three times with 5 ml of cold 5% trichloroacetic acid, followed by 5 ml of absolute ethanol. After drying in an oven at 80°C for 30 min, the filters were placed into vials containing 7.5 ml of Aquasol II scintillation cocktail; an LS-245 scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.) was used for counting. E. coli B was used in all cases except the cell wall study, in which strain AT982, a diaminopimelic acid auxotroph, was substituted.
MATERIALS
The effect of cinodine upon the rate of bacteriophage T7 DNA synthesis was determined by using the method described by Studier (17) . Log-phase E. coli B cells were infected with bacteriophage T7 at a multiplicity of infection of _3. Cinodine or nalidixic acid was added to separate portions of the infected suspension; another portion was retained as an untreated control. At selected times, 1.0 ml of each suspension was mixed with 0.1 ml of [3Hlthymidine to vield a final concenitration of I 1Ci/ml. After incubation for 30 s, 3.0 ml of cold 10% trichloroacetic acid was added. Trichloroacetic acid-precipitated material was processed and counted as previously described.
Measurements of in vivo DNA stability. E. 0ol/ B-MG2 thy cells were grown at 37°C in modified minimal medium containing 0.5 gCi of ['H]thymine per ml (specific activity, 0.1 1Ci/mg) to an optical density at 490 nm of 0.2 to 0.3. The cells were immediately removed by filtration, washed once with fresh medium, and asepticallv transferred to a tube containing the same volume of unlabeled medium at 37°C. Cinodine or nalidixic acid was added to separate samples of this labeled cell suspension to a final concentration of 10 [ig/ml, and another sample was retained as an untreated cointrol. At selected times, 0.5-ml samples were diluted into 1.0 ml of cold 10%. trichloroacetic acid. 1'rocessing and counting of trichloroacetic acid precipitates was accomplished as previously described.
Reversal of cinodine inhibition of DNA synthesis. E. coli B-MG2 thy cells were grown to log phase at 37°C in modified minimal medium containing 2 yg of thymine per ml. ['4C]thymine was added to a concentration of 0.5 pCi/mI, and incubation was continued for 30 min. Cinodine was then added to a portion of this culture at a concenitration of 10 ,ug/ml; another portion was retained as an untreated control. After 30 min of further incubation, treated and untreated cells were collected bv filtration, washed with 100 ml of warm minimal medium, and suspended in equivaleint volumes of warm medium containing [4C]thymnine. At selected intervals, 0.2-ml samples of each of the suspensions were deposited onto Whatman GF/A glassfiber filters and immediately transferred into cold 10%' trichloroacetic acid. 'I'he pads were then washed twice in 5`% trichloroacetic acid and once in 95%: ethanol.
The trichloroacetic acid-insoluble radioactivity was determined as previously described.
Equilibrium dialysis. For equilibrium dialysis studies, dialvsis cells (n)odel no. 260; Technilab Instiu-ANTIMICROB. AGENTS CHEMOTHER. ments, Inc., Pequannock, N.J.) were employed. The chambers of these cells had a maximum capacity of 1.0 ml on either side of the dialysis membrane. The membrane employed was Spectra/Por 2 dialysis tubing (molecular weight cutoff, 12,000 to 14,000) which had been cut in half and trimmed to fit the equilibrium cell. The tubing was washed in running water for 3 to 4 h and stored at 4°C in the same buffer employed to prepare all solutions for the experiment. All solutions were prepared in buffer containing 0.1 M NaCl and 0.01 M sodium cacodylate, pH 6.0. Calf thymus DNA (type I; Sigma Chemical Co., St. Louis, Mo.) stock solutions at -2 mg/ml were prepared by gently stirring the DNA in an appropriate volume of buffer at 4°C overnight; DNA was then sheared by passing the solution twice through a 23-gauge needle. For actual experiments, a solution containing DNA at a concentration of 30.4 jiM nucleotides (based upon an absorbancy at 260 nm; molar extinction coefficient for nucleotides, 6,600) was prepared by dilution of the stock.
'4C-labeled cinodine was dissolved and diluted in buffer containing unlabeled cinodine to yield a final concentration of 75 1LM (specific activity, 2.7 jiCi/ imol). To test for DNA binding, 1.0 ml of labeled cinodine was placed on one side of the membrane (outside) while an equal volume of DNA was dispensed onto the other side (inside). For the control, buffer replaced DNA. The dialysis cells were gently rotated at room temperature for 72 h, after which duplicate 50-til samples were removed from each chamber and placed into scintillation vials. Aquasol II (7.5 ml) was added to each vial, and radioactivity was determined as previously indicated.
RESULTS
Effect of cinodine on cell growth and viability. The effect of cinodine on cell growth and viability was determined. Cell growth continued for a period after antibiotic addition before finally plateauing (Fig. 2) . The duration of this growth period decreased as the concentration of antibiotic was increased. A decrease in turbidity, which would indicate cell lysis, was not observed.
After the addition of cinodine to log-phase cells, a rapid decline in cell viability was observed. Relative to the number of cells at the time of cinodine addition, the surviving fraction was 3 x 10-6 at 10 fig/ml and 3.3 x 10-' at 1 jig/ ml after a 30-min exposure (Fig. 3A) . This tremendous decrease in viable cell numbers was observed over a time period when increase in cell mass was unaffected by the antibiotic (cf. Fig. 3 and 2) . Nalidixic acid at 10 fig/ml resulted in much less cell killing, which began after a 15-min delay. Stationary-phase cells (Fig. 3B) were significantly less sensitive to killing by cinodine, as indicated by a surviving fraction of 7.6 x 10-2 at 10 jig/ml and 2 x 10-l at 1 jig/ml after a 30-min exposure. Nalidixic acid at 10 jig/ml likewise demonstrated reduced activity with nongrowing cells. Cells were grown to log phase, cinodine was added, and growth was monitored spectrophotometrically. Effect of cinodine upon cell morphology. Studies were performed to examine the effect of cinodine upon cell morphology. Extensive cell elongation or filamentation occurred during treatment with cinodine (Fig. 4) . This result is identical to the effect observed with nalidixic acid. These data suggest that the increase in culture turbidity observed after cinodine addition (Fig. 2) (Fig. 5A ). Protein synthesis (Fig. 5C) remained unaffected. Significant inhibition of RNA synthesis (Fig. 5B) and a minor reduction in cell wall synthesis (Fig. 5D) which also corresponds to the time after antibiotic exposure when inhibition of cell growth was first detected (see Fig. 2 ). The rate of cell wall synthesis after cinodine treatment was never below 85% of the control and would probably be equivalent to the control on a per-cell basis. Treatment with a known cell wall inhibitor, ampicillin, resulted in a reduction in rate to 20 to 30% of that of the control.
DNA synthesis in bacteriophage T7-infected cells treated with cinodine. In the presence of cinodine (Fig. 6 ), bacteriophage T7 DNA synthesis was inhibited by 70 to 75% of the maximum rate observed for the control. Nalidixic acid at an equal concentration by weight resulted in a 94% inhibition of T7 DNA synthesis. This observation contrasts with the results obtained with bleomycin, which reportedly does not inhibit T7 DNA synthesis at concentrations of up to 150 tg/ml (16) . Degradation of DNA in cinodine-treated cells. Cinodine and nalidixic acid resulted in significant intracellular DNA degradation after a 30-min delay (Fig. 7) . At the final time point (180 min), the amount of trichloroacetic acidinsoluble radioactivity remaining in the cinodine-treated sample was only 48% of that of the control. The pattern of degradation observed with both antibiotics was similar to that originally reported for nalidixic acid by Cook et al.
(2).
Reversal of cinodine inhibition of DNA synthesis. Cinodine was added to a culture of growing E. coli cells a short time after the labeling of DNA with [14C]thymine had been initiated. After 30 min of further incubation, the cells from a portion of the cinodine-treated suspension were washed to remove antibiotic and were placed into fresh medium containing labeled thymine. Continued incubation in the absence of antibiotic did not reverse cinodine inhibition of DNA synthesis (Fig. 8) . This contrasts with the reversibility of DNA synthesis inhibition that has been reported for nalidixic acid (4) and edeine (8) .
Binding of cinodine to DNA. Cinodine was tested for DNA binding by equilibrium dialysis. After 72 h of incubation, more labeled cinodine was detected on the DNA side of the membrane than on the original side of the addition ( Table  1 (Fig. 7) . As also observed by Cook et al. (2) , killing of bacteria by nalidixic acid commenced only after DNA degradation had been initiated (cf. Fig. 3A and 7) . Dilution and plating before this time apparently resulted in a reversal of DNA synthesis inhibition such that no effect upon viable cell numbers was detected. In contrast, cinodine resulted in a rapid decline in cell viability well before DNA degradation was observed. This suggests that the immediate, irreversible interaction (see Fig. 8 ) of this antibiotic with its target site (DNA) is actually responsible for cell death, whereas DNA degradation occurs only secondarily. A similar distinction between nalidixic acid and mitomycin C, which crosslinks DNA and elicits rapid bacterial killing, has been described (2) . Although extensive DNA degradation does not seem to be responsible for cinodine killing, this drug may introduce some lethal nicks immediately upon interaction with the DNA molecule which would not be detected by the methods employed in this study.
Bacterial elongation or filamentation is a phenomenon commonly observed during treatment with DNA synthesis inhibitors. These agents reportedly prevent cell wall septum formation (15) . Studies with nalidixic acid suggest that it may inhibit a membrane protein which activates one of the enzymes, D-alanine carboxypeptidase, required at appropriate activity levels for septum synthesis (11) . A similar mechanism may be operating for cinodine. However, the observation of occasional spheroplasts in cinodinetreated cultures suggests that the interaction of this antibiotic with DNA, perhaps at the DNA replication complex itself, may indirectly activate an autolytic enzyme as well. Kusser has an additional free amino group on the terminal pentose (3) and therefore an even greater positive charge, would be expected to form a stronger electrostatic association with DNA. (Preliminary studies indicate that the /3 form does bind to DNA.) However, the antimicrobial activity of cinodine ,B is significantly less than that of y (10) , suggesting that properties of the molecule other than electrostatic charge are also related to its reactivity with DNA. Another major distinction between cinodine ,B and y is the presence in the y molecules of an additional carbonyl group in a strained heterocyclic ring associated with the terminal pentose (3). It is possible that this additional structural unit forms a stronger, perhaps covalent, bond with the DNA phosphates such that greater antibacterial activity would result. Alternatively, the carbonyl group may participate in the acylation of an enzyme or other proteins involved in DNA synthesis. Two classes of binding interaction with DNA, one weak (electrostatic) and one strong, have likewise been proposed for daunomycin (22) . Recent evidence suggests that, although adriamycin and daunomycin bind to DNA, they inhibit DNA synthesis primarily by direct interaction with DNA polymerase (19) . Of course, one cannot exclude the possibility that cinodine /3 and y are not transported equally across the bacterial membrane. Further studies to compare the DNA binding properties of cinodine 3 and y would provide greater insight into the relationship of molecular structure to the mechanism of action of this new class of antibiotics.
